The Large Binocular Telescope Interferometer uses a near-infrared camera to measure the optical path length variations between the two AO-corrected apertures and provide high-angular resolution observations for all its science channels (1.5-13 microns). There is however a wavelength dependent component to the atmospheric turbulence, which can introduce optical path length errors when observing at a wavelength different from that of the fringe sensing camera. Water vapor in particular is highly dispersive and its effect must be taken into account for high-precision infrared interferometric observations as described previously for VLTI/MIDI or the Keck Interferometer Nuller. In this paper, we describe the new sensing approach that has been developed at the LBT to measure and monitor the optical path length fluctuations due to dry air and water vapor separately. After reviewing the current performance of the system for dry air seeing compensation, we present simultaneous H-, K-, and N-band observations that illustrate the feasibility of our feedforward approach to stabilize the path length fluctuations seen by the LBTI nuller.
INTRODUCTION
Water vapor turbulence can limit the performance of high dynamic range interferometers that use phasereferenced modes, even though such turbulence is only a small contributor to the total seeing at visible and infrared wavelengths. Indeed, because water vapor is highly dispersive, random fluctuations in its differential column density above each aperture (or water vapor seeing) will create a chromatic component to the optical path difference (OPD) that is not properly tracked at wavelengths different from that of the fringe sensor. The impact of this effect on infrared interferometry has been addressed extensively in the literature, either in a general context 1 or applied to specific instruments that include phase-referenced modes using K-band light such as VLTI/MIDI, 2-5 VLTI/GENIE, 6 or the Keck Interferometer Nuller 7-9 (KIN). In this paper, we address the effect of precipitable water vapor (PWV) in the context of the Large Binocular Telescope Interferometer 10 (LBTI), which uses a K-band fringe sensor to provide high-bandwidth path length compensation for all its scientific channels (1.5-13 µm) and in particular for the nulling interferometer that operates at 11 µm.
PREDICTIONS FOR THE LBTI
Because both apertures are installed on a single steerable mount, each beam travels almost exactly the same path length in both the atmosphere and the LBTI cryostat. Therefore, the deterministic dispersion due to the differential path length in humid air, which impacts most long-baseline interferometers, can be ignored in the case of the LBT and we will focus the following analysis on random atmospheric dispersion due to water vapor seeing (which is the dominant contributor). According to previous studies, 1, 2 the random component due to water vapor density variations are expected to be about 10 −2 of the total water vapor in the air column, which is 3 orders of magnitude larger than the equivalent value for dry air density variations (i.e., less than 10 −5 of the total air column). Dry air still dominates the refractivity and seeing because it is the dominant volume contributor but atmospheric water vapor is much more dispersive, with a ratio of water vapor to dry air dispersion of 200:1 at K band.
1 Therefore, variable differential water-vapor column densities above each aperture will create random and wavelength-dependent OPD variations (on longer timescales than dry air, typically a few seconds to a few minutes). Measurements with the KIN have shown that this effect produces an OPD RMS error of 0.32 µm at N band when tracking the fringes at K band in median conditions at Mauna Kea 9 (a factor 2.3 smaller than theoretical predictions). For the LBTI, we expect a similar value due to the combination of two contrary effects: the wetter median conditions at Mount Graham and the shorter baseline (14.4 m vs 82 m), which sees more correlated piston turbulence and hence less OPD variations (depending on the outer scale of the water vapor turbulence).
MEASUREMENT APPROACH

Dry air measurements
Differential tip-tilt and phase variations between the two AO-corrected apertures are measured with PHASECam, 10, 11 LBTI's near-infrared camera. PHASECam uses a fast-readout PICNIC detector that receives the near-infrared light from both interferometric outputs (see left panel of Figure 1 ). Various sensing approaches are implemented and the default mode consists in forming a K-band image of pupil fringes (equivalent to wedge fringes) on the detector and measure both the phase and the differential tip/tilt simultaneously via Fourier transform (see Figure 2) . Because of the nature of the Fourier transform measurement, the phase measurement is limited to phase values in the [−π,π] range so that any phase error larger than π is not detected and, hence, not corrected. On-sky verification showed that such phase jumps occur occasionally even with the phase loop closed at 1 kHz. In order to get around this issue, the envelope of interference (or the group delay) is tracked simultaneously via the change in contrast of the fringes (i.e., contrast gradient or CG 12 ). This measurement is done at slower speed, typically 1 Hz, and is used to detect and correct any phase jumps not captured by the Fourier transform phase measurement. Actually, this slow drift between group delay and phase delay is exactly the effect expected from water vapor turbulence.
In addition to the real-time control described above, OPD and individual tip/tilt motions induced by the telescope structure are feedforwarded to a fast pathlength corrector (FPC) using real-time data from 30 active accelerometers all over the telescope (Optical Vibration Monitoring System, OVMS 13 ). A new software, called OVMS + , was recently tested and provided significant improvements in the loop stability and performance.
14 Peaking filters are also used to improve the rejection of specific vibration frequencies not captured by the feedfoward system. They are biquad filters applied directly to the control algorithm that drives the FPC.
Commissioning observations have shown that the loop can run at full speed down to a magnitude of K∼6.5, which is sufficient to observe all targets of the LBTI exozodiacal dust survey (Hunt for Observable Signatures of Terrestrial Planetary Systems, HOSTS 15 ). The loop frequency can in principle be decreased down to ∼30Hz to observe fainter objects but this has never been tested and requires more investigation. Beam combination is done in the pupil plane on a 50/50 beamsplitter (BS), which can be translated to equalize the pathlengths between the two sides of the interferometer. To achieve an achromatic suppression of light over a sufficiently large bandwidth (8-13 µm), a compensator window (CW) with a suitable thickness of dielectric is introduced in one beam. Both outputs of the interferometer are directed to the near-infrared phase sensor (PHASECam) while one output is reflected to the NOMIC science detector with a short-pass dichroic. Note that this sketch does not show several fold mirrors and biconics.
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Right: Block diagram of LBTI OPD controller. The measured phase is first unwrapped and then goes through a classical PID controller. A peaking filter is also used to improve the rejection of specific vibration frequencies. An outer loop running at typically 1 Hz is used to monitor the group delay and capture occasional fringe jumps. In addition, real-time OPD variations induced by the LBT structure are measured by accelerometers all over the telescope (OVMS system) and feedforwarded to LBTI's path length corrector. 
Water vapor measurements
The sensing approach described in the previous section is performed at K band whereas the science channels of the LBTI generally operate at longer wavelengths. In order to track the phase variations induced by water vapor seeing, the usual method at other facilities is to use the wavelength dependance of the phase in the bandpass of the fringe sensor (e.g., method used for the KIN 9 ). In the case of the LBTI, we have added new filters to the PHASECam optics in order to use a two color sensing approach. The measurement approach is then similar to that used for the KIN, the only difference being that we use the phase measured in two broadband channels (H and K) rather than the curvature of the phase within the K band. One output of the interferometer (see left part of Figure 1 ) is now obtained at H band, while the main output remains at K band. The idea is to measure deviations from achromatic OPD variations using simultaneous H-and K-band unwrapped phase measurements. To be specific, the first step of the algorithm is to measure the difference in phase at H and K band (or the group delay):
where φ K and φ H are obtained separately from each output of the interferometer. Then, we construct a "pseudo-K" phase term from the group delay as:
which can understood as the K-band phase calculated from the H-band phase under achromatic assumption. Finally, we compute the so-called "water term" as the difference between the two phase values:
This water term is used to estimate the differential water vapor columns above each aperture and predict phase variations at other wavelengths (see Section 4.2). Figure 3 (left) shows the closed-loop power spectral density (PSD) of the OPD variations obtained in April 2016 under typical observing conditions. As expected, the low-frequency (<20-30 Hz) component of the seeing is strongly removed and the OPD residuals are dominated by high-frequency perturbations due to resonant optics inside the LBTI cryostat. The closed-loop residual OPD currently amounts to approximately 280 nm RMS as shown by the right part of Figure 3 . This is approximately 150 nm better than previously-published results obtained one year ago. 16 This improvement is mostly due to an improved real-time control loop, a better vibration environment, and the routine use of the OVMS+ software 14 for feedforward. Figure 4 shows an example of simultaneous H-band (top left) and K-band (top right) phase measurements obtained under wet conditions. The data have been obtained at 1 kHz and boxcar averaged in order to better show the low frequency fluctuations due to water vapor. As expected, the phase RMS measured at H band (9 degrees or 41nm) is larger than that measured at K band (4.5 degrees or 28nm) due to variable atmospheric dispersion. Combining the two terms using Equation 3, we can form the water term represented in the bottom left panel of Figure 4 and predict the phase fluctuations in the bandpass of the nuller. Using this predicted phase, we can construct the expected null variations from the water term. This is shown in the bottom right part of Figure 4 by the red line computed using a multiplicative gain on the water term of 6 and a constant phase offset of -240 degrees. Simultaneous null measurements are over-plotted in blue and demonstrate the feasibility of our approach. The next step will consist in using this signal to adjust the null setpoint in real time and, therefore, mitigate the phase variations in the nuller bandpass.
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SUMMARY AND FUTURE WORK
Recent efforts in co-phasing the LBTI were focused on two main areas: (1) improving the performance of the system at K band where the fringe sensor operates and (2) compensating for atmospheric dispersion with the implementation of a new sensing mode. Thanks to an improved real-time control loop, a better vibration environment, and the routine use of OPD feedforward, the LBTI currently achieves a co-phasing stability of 280 nm RMS at 1kHz. This performance is currently limited by high-frequency phase fluctuations occurring inside the LBTI cryostat and future work will focus on identifying and damping the source of these vibrations. Regarding atmospheric dispersion, a new mode was implemented to measure the phase at H and K band simultaneously (each using a different output of the interferometer). Using the information provided by the two wavelengths, it is possible to predict the phase variations at N band where the LBTI nuller operates. We have recently demonstrated the feasibility of this approach with simultaneous H-, K-, and N-band data. Future work will focus on using this signal to adjust the null setpoint in real time and, therefore, mitigate the phase variations in the nuller bandpass.
